Human T-cell leukemia virus (HTLV) regulatory protein, Rex, functions to increase the expression of the viral structural and enzymatic gene products. The phosphorylation of two serine residues (S151 and S153) at the C terminus is important for the function of HTLV-2 Rex (Rex-2). The Rex-2 phosphomimetic double mutant (S151D, S153D) is locked in a functionally active conformation. Since rex and tax genes overlap, Rex S151D and S153D mutants were found to alter the Tax oncoprotein coding sequence and transactivation activities. Therefore, additional Rex-2 mutants including P152D, A157D, S151Term, and S158Term were generated and characterized ("Term" indicates termination codon). All Rex-2 mutants and wild-type (wt) Rex-2 localized predominantly to the nucleus/nucleolus, but in contrast to the detection of phosphorylated and unphosphorylated forms of wt Rex-2 (p26 and p24), mutant proteins were detected as a single phosphoprotein species. We found that Rex P152D, A157D, and S158Term mutants are more functionally active than wt Rex-2 and that the Rex-2 C terminus and its specific phosphorylation state are required for stability and optimal expression. In the context of the provirus, the more active Rex mutants (A157D or S158Term) promoted increased viral protein production, increased viral infectious spread, and enhanced HTLV-2-mediated cellular proliferation. Moreover, these Rex mutant viruses replicated and persisted in inoculated rabbits despite higher antiviral antibody responses. Thus, we identified in Rex-2 a novel C-terminal inhibitory domain that regulates functional activity and is positively regulated through phosphorylation. The ability of this domain to modulate viral replication likely plays a key role in the infectious spread of the virus and in virus-induced cellular proliferation.
Human T-cell leukemia virus type 1 (HTLV-1) and type 2 (HTLV-2) are related complex oncogenic retroviruses that transform primary human T cells in culture and are associated with leukemia and neurological disorders in humans (54) . In addition to the typical retrovirus structural and enzymatic genes gag, pol, and env, HTLV encodes two transregulatory gene products, Tax and Rex, in partially overlapping open reading frames, as well as accessory gene products (29) . The viral oncoprotein Tax increases the rate of transcription from the viral long terminal repeat (LTR) (12, 15, 23) . In addition, Tax can modulate the expression or activities of numerous cellular proteins involved in cell proliferation and differentiation, cell cycle regulation, and DNA repair processes (11, 30, 36, 37, 42) . The pleiotropic effects of Tax on cellular processes are required for its transforming and oncogenic capabilities and play a critical role in HTLV-induced cellular transformation (16, (39) (40) (41) .
Rex is a key regulator of viral replication. At the molecular level, the basic role of Rex is to regulate cytoplasmic levels of viral genomic unspliced mRNA (gag/pol) and singly spliced (env) mRNA, thus controlling the expression of the structural and enzymatic gene products that are essential for production of viral progeny (21, 28) . Rex functions by binding viral mRNAs via a cis-acting RNA Rex response element (RxRE) and facilitating the export of these mRNA species from the nucleus to the cytoplasm (5, 7, 10) . Previous studies revealed that HTLV-1 Rex (Rex-1), HTLV-2 Rex (Rex-2), and their RxREs are structurally similar and functionally interchangeable (27, 52) . Mutational analyses of Rex-1 and Rex-2 have defined several domains critical for their functional properties. These include the arginine-rich N-terminal sequences that serve both as an RNA binding domain and as a nuclear localization signal, the central leucine-rich activation domain encompassing the nuclear export signal, and the multimerization domain composed of two regions flanking the nuclear export signal (9, 10, 20, 22, 32, 34, 38, 44, 47, 48) .
Both Rex-1 and Rex-2 are phosphoproteins, and phosphorylation has been shown to be critical for their function (1, 2, 19) . In HTLV-2-infected cells, as well as in cell lines transfected with Rex-2 expression plasmids, two major species of Rex-2 (p24 and p26) have been detected. Both Rex-2 species have the same amino acid backbone and differ by a conformational change that is induced by serine phosphorylation (18, 29, 31) . This is unique to Rex-2 as Rex-1 presents as a single 27-kDa protein. Rex-2 p24 is found primarily in the cytoplasm, whereas the p26 phosphorylated form localizes predominantly to the nucleus and nucleolus (14, 53) . In addition, phosphorylation of Rex-2 correlates with its binding to RxRE-containing RNA and inhibition of mRNA splicing (4, 19) . A mutational analysis of Rex-2 that targeted all serines and threonines revealed a novel C-terminal functional domain containing two critical phosphorylated residues at serine 151 and 153 (31, 32) . Rex-2 mutants containing alanine substitutions at either of these two serines (S151A, S153A) displayed reduced phosphorylation, impaired RNA binding capacity, diffused cytoplasmic localization, and decreased functional activity. In contrast, replacement of both serine residues with phosphomimetic aspartic acids (S151D, S153D) resulted in detection of only the p26 species in cells, enhanced RNA binding capacity of Rex-2, and an intense speckled nucleolar localization (31, 32) . Interestingly, this Rex-2 mutant was locked in a phosphorylated active conformation since it could not be altered by phosphatase treatment in vitro. These results suggest an important role of the Rex-2 C terminus in its functional regulation.
We have proposed that the regulation of Rex-2 through phosphorylation provides a critical control in HTLV-2 replication cycle at the cellular level, which would allow the virus to better adjust to environmental stimuli (31, 55) . Mutant Rex (S151D, S153D) is locked in an active form, potentially removing at least one of its key regulatory controls, thus providing a unique reagent with which to evaluate the role of Rex-2 in regulating viral replication and cellular transformation in vitro and viral persistence in vivo. One caveat is that the mutations (S151D, S153D) in Rex-2 affected the amino acid sequence and disrupted the transactivation activities of the viral oncoprotein Tax. Therefore, to facilitate our studies, several new Rex-2 mutants were generated that do not significantly affect Tax function. These mutants include two with phosphomimetic or charged mutations, P152D and A157D, and two with deletion mutations, S151Term and S158Term. We found that the introduction of aspartic acid into the C terminus or deletion of the C-terminal sequences downstream of serine 158 resulted in a highly functional Rex protein, a phenotype consistent with the disruption or removal of a carboxy-terminal inhibitory domain. Our data indicate that the C terminus is indispensable for Rex-2 protein stability, whereas the phosphorylation status of the C terminus dictates the function of the Rex-2 protein but does not affect protein stability. In the context of full-length infectious virus, the more functionally active Rex-2 mutants, the A157D and S158Term mutants, showed increased viral gene expression in infected primary T cells, enhanced viral infectivity, and promoted HTLV-2-mediated cellular proliferation of primary T lymphocytes. Lastly, HTLV-2 mutant viruses containing the Rex-2 mutations at either A157D or S158Term successfully replicated and persisted in inoculated rabbits and resulted in stronger antibody responses to viral antigens compared to wild-type (wt) HTLV-2. Thus, we identified a novel C-terminal inhibitory domain in Rex-2 that regulates functional activity, and this domain itself is positively regulated through phosphorylation or charge-induced conformation alterations. The ability of this domain to modulate viral replication likely plays a key role in HTLV infectious spread and virus-mediated cellular proliferation and cell survival.
MATERIALS AND METHODS
Cells. 293T and HeLa cells were maintained in Dulbecco's modified Eagle's medium, and 729 human B-cell and Jurkat T-cell lines were maintained in Iscove's medium and RPMI 1640 medium. Medium was supplemented with 10% fetal bovine serum, 2 mM glutamine, penicillin (100 U/ml), and streptomycin (100 g/ml). Human peripheral blood mononuclear cells (PBMCs) were isolated and cultured as described previously (50) .
Plasmids. The Rex-2 expression vector BC20.2, containing the HTLV-2 tax/rex cDNA expressed from the cytomegalovirus (CMV) immediate-early gene promoter, and the Rex-1 expression vector SE356, containing the HTLV-1 tax/rex cDNA expressed from the CMV immediate-early gene promoter, have been described previously (18, 52) . The rex mutations were generated in either BC20.2 (Rex-2) or SE356 (Rex-1) using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Various Rex-2 mutants were transferred to the HTLV-2 proviral clone pH6neo (13) . Mutations were confirmed by DNA sequencing. The human immunodeficiency virus type 1 (HIV-1) Tat expression vector, pcTat, and the Rex-2 reporter plasmid (pCgagRxRE-II) were described previously (31) . The LTR-2-luciferase Tax reporter plasmid, B-Luc Tax reporter plasmid, CMV-luciferase (firefly) plasmid, and thymidine kinase-Renilla luciferase plasmid were described previously (52) . Mutant and wt Rex-2-green fluorescent protein (GFP) constructs were generated by inserting Rex-2 sequences into the enhanced GFP (EGFP)-N3 vector (Promega, Madison, WI) upstream of the GFP open reading frame. FLAG-tagged Rex-2 constructs were generated by insertion of the FLAG-tag sequence into vector BC20.2 upstream of the Rex-2 open reading frame using primers SphI-flag (sense) (5Ј-GCATGCTCGATTACAAGGATGATGATGATAAGGGCGGCATG C-3Ј) and SphI-flag (antisense) (5Ј-GCATGCCGCCCTTATCATCATCATC CTTGTAATCGAGCATGC-3Ј).
Tax and Rex functional reporter assays. The ability of Tax to activate CREB/ ATF (viral LTR) or NF-B was determined by using a dual luciferase assay as described previously (50) . The Rex functional assay was performed as described previously with a slight modification (31) . Briefly, Rex cDNA expression plasmids were cotransfected into 293T cells with 0.05 g of CMV-Luc, 0.25 g of pcTat, and 0.5 g of Rex reporter plasmid pCgag-RxRE. Cell lysates were prepared at 48 h posttransfection, and luciferase activity was determined to control for transfection efficiency. The HIV-1 p24 Gag level in the cell lysates was determined by using an enzyme-linked immunosorbent assay (ELISA; BeckmanCoulter, Fullerton, CA). All transfection experiments were performed in triplicate in three independent experiments.
p19 Gag ELISA and isolation of HTLV-2 stable producer cell lines. Virion production of HTLV proviral clones from transiently transfected 293T cells was measured by a commercially available p19 matrix antigen ELISA (ZeptoMetrix, Buffalo, NY). To generate stable transfectants, proviral plasmid clones containing the Neo r gene were introduced into 729 B cells by electroporation as described previously (17) . Stable transfectants containing the desired proviral clones were isolated and characterized as previously described (49) .
DNA preparation and PCR analysis. Genomic DNA was isolated from permanently transfected cell clones or from immortalized PBMCs using the Puregene DNA purification system (Gentra, Minneapolis, MN). Genomic DNA (1 g) was subjected to 30-cycle PCR analysis. The forward primer 670 (28) and the reverse primer PG201 (5Ј-GCTGGTATAGGTATAGGCAT-3Ј) were used to amplify a specific 437-bp fragment from the HTLV-2 tax/rex region. The PCRamplified product was separated on agarose gels and visualized by ethidium bromide staining. Mutations were confirmed by DNA sequencing. For infected rabbit PBMCs, 1 g DNA was subjected to 40-cycle PCR using primers 670 and 671 (28) to amplify a 159-bp fragment specific for the HTLV-1/HTLV-2 tax/rex region. In addition, 40 cycles of real-time TaqMan PCR were conducted to quantitate the proviral copy number per cell as described previously (3) . Rabbit PBMC DNA was subjected to PCR analysis in duplicate using the HTLV-specific primer pair AAM.001 (5Ј-CGGATACCCAGTCTACGTGTTT-3Ј) and AAM. 002 (5Ј-CTGAGCCGATAACGCGTCCA-3Ј) and probe (5Ј-6-carboxyfluorescein-ATCACCTGGGACCCCATCGATGGA-6-carboxytetramethylrhodamine-3Ј), and final values were averaged. The 25-l reaction mixtures contained 500 ng of DNA, 100 ng (25 ng/ml) of each primer, and a probe concentration of 100 pmol/l. The copy number was determined based on a standard curve generated from duplicate samples of dilutions of a plasmid containing the tax gene sequences. The copy number per cell value for a sample was generated based on the estimation that 1 g PBMC DNA is equivalent to 134,600 cells.
Western blot analysis, antibodies, and pulse-chase immunoprecipitation assay. Cells were lysed with modified RIPA buffer (0.05 M Tris-Cl [pH 8.0], 0.15 M NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 2 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin, 1 mM Na 3 VO 4 , and 1 mM NaF) on ice for 30 min. After being centrifuged, the cell lysates were subjected to 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes (Schleicher and Schuell Biosciences, Keene, NH). Western blot analyses were performed as recommended by the manufacturer. Proteins were visualized using the enhanced chemiluminescence Western blot analysis system (Santa Cruz Biotechnology, Santa Cruz, CA).
Rex-1, Rex-2, and Tax-2 were detected using protein-specific rabbit polyclonal antisera. Anti-EGFP antibody, anti-FLAG M2 monoclonal antibody, anti-actin monoclonal antibody, goat anti-rabbit immunoglobulin G (IgG) antibody, and goat anti-mouse IgG antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The half-life of Rex was determined by pulse-chase experiments. Briefly, 10
6
293T cells were transfected with 10 g of wt rex or various rex mutant expression plasmids or a negative control using Lipofectamine Plus reagent (Invitrogen, Carlsbad, CA). Cells were metabolically labeled with [ 35 S]methionine-cysteine (Trans-35 S label; 100 mCi/ml; Amersham) in methionine-cysteine-free RPMI 1640 medium supplemented with 20% dialyzed fetal calf serum for 6 h. Cells were chased with cold medium for the indicated time points and then harvested and lysed in RIPA buffer on ice for 30 min. Lysates were clarified by centrifugation at 17,000 ϫ g for 30 min at 4°C. Subsequently, equal amounts of cell lysates from the different time points were immunoprecipitated using rabbit anti-Rex antiserum for 16 h at 4°C. The immune complexes were collected using protein A-Sepharose CL-4B (Sigma) and subjected to 12% SDS-PAGE; 35 Slabeled proteins were visualized and quantified by Typhoon analysis (Molecular Dynamics).
Short-term coculture microtiter proliferation and long-term immortalization assays. Short-term microtiter proliferation assays were performed as described previously with some modifications (35) . Briefly, freshly isolated human PBMCs were prestimulated with 2 g/ml phytohemagglutinin and 10 U/ml interleukin-2 (IL-2; Roche Diagnostic Corporation, Indianapolis, IN) for 3 days. One hundred 729 HTLV producer cells were irradiated (10,000 rad) and cocultured with 10 4 prestimulated PBMCs in the presence of IL-2 in round-bottom 96-well plates. Wells were enumerated for growth and split at a ratio of 1:4 at weekly intervals. At week 7, cell proliferation was confirmed by MTS assays using CellTiter 96 AQueous one solution reagent as recommended by the manufacturer (Promega, Madison, WI). The long-term immortalization assays were performed as described previously (50) .
Detection of HTLV-2-infected T cells by flow cytometry analysis. Irradiated 729 HTLV producer cells (2 ϫ 10 5 ) were cocultured with 10 6 PBMCs in the presence of IL-2. Four days after plating, cells were washed with PAB (PBS, 0.1% NaN 3 , 1% bovine serum albumin) and stained with phycoerythrin-Cy5-conjugated mouse anti-human CD3 antibody. The samples were washed, fixed, and permeabilized with Fix&Perm reagents (Serotec, Raleigh, NC). For detection of intracellular viral protein, cells were first incubated with HTLV-2 Gag p19 detector antibody (ZeptoMetrix) and then washed, incubated with fluorescein isothiocyanate-conjugated secondary antibody goat anti-mouse IgG2b, and analyzed for CD3/p19 double-positive cells using a BD Biosciences (San Jose, CA) fluorescence-activated cell scanner (FACScan).
Rabbit inoculation procedures. Twelve-week-old, specific-pathogen-free New Zealand White rabbits (Hazelton, Kalamazoo, MI) were inoculated via the lateral ear vein with approximately 1 ϫ 10 7 gamma-irradiated (7,500 rad) 729wtHTLV-2, 729HTLV-2/RexA157D, or 729HTLV-2/Rex S158Term mutant cells or 729 uninfected control cells (six rabbits per group). Cell inocula were equilibrated based on their p19 Gag production per cell (a surrogate for virion production) prior to inoculation. At 0, 1, 2, 4, 6, and 8 weeks after inoculation, 10 ml of blood was drawn from the central ear artery of each animal. Serum reactivity to specific viral antigenic determinants was detected using a commercial ELISA (1:100 dilution; BioMerieux, Inc., Durham, NC) and an HTLV Western blot assay (1:200 dilution; ZeptoMetrix) adapted for rabbit plasma by use of avidin-conjugated goat anti-rabbit IgG (1:2,000 dilution; Sigma, St. Louis, MO) (43) . Serum showing reactivity to Gag (p24 CA or p19 MA) and Env (gp21 TM or gp46 SU) antigens was classified as HTLV-2 seropositive. Estimated proviral loads were determined and quantified using genomic DNA from PBMC samples by PCR and real-time TaqMan PCR analyses as described above.
RESULTS

Generation of Rex-2 mutants.
Rex-2 is detected in virusinfected cells as two distinct protein species or conformations as detected by Western blot analysis (p26 and p24). Both Rex-2 species have the same amino acid backbone and differ by serine phosphorylation (p26 is nuclear and the active species). In particular, serines 151 and 153 were identified as two phosphorylation sites that play critical roles in the functional regulation of Rex-2 (19, 31) . Replacement of these two serines with alanines not only disrupted Rex-2 function but shifted the Rex-2 steady-state concentration to the p24 Rex species; the p26/p24 steady-state ratio for wt Rex is approximately 1, whereas for the Rex S151, S153A mutant the ratio was approximately 0.5. Moreover, phosphomimetic aspartic acids (S151D, S153D) locked Rex-2 in a phosphorylated and active p26 conformation (31, 32) . The primary objectives of this study were to understand the functional role of the carboxy-terminal Rex-2 phosphorylation domain and to address whether the ability to regulate Rex function was important for HTLV-2-mediated cellular proliferation and immortalization in vitro and survival in a rabbit model of infection. Numerous studies have demonstrated the essential role of the viral oncoprotein Tax in HTLV-mediated cellular proliferation and transformation. Since the Tax and Rex proteins are encoded by separate but partially overlapping reading frames, mutations in rex could alter the amino acid sequence of Tax and disrupt critical transcriptional activities required for viral replication and cellular transformation. Indeed, our previously described highly active Rex mutations (S151D and S153D) resulted in alteration of the Tax coding sequence and significantly impaired Tax CREB/ ATF and NF-B transactivation activities (40) ( Table 1) .
It has been well documented that phosphorylation events can result in a charge-induced conformational change of a protein, which may alter its stability or function (8, 33, 45, 51) . Therefore, we hypothesized that introducing a phosphomimetic amino acid into the Rex-2 C terminus, but not necessarily at serine 151 or serine 153, might result in the same conformational alteration as that reported for the Rex S151D, S153D mutant (31) . Based on this hypothesis, two Rex-2 mutations were generated in the 170-amino-acid Rex-2 polypeptide, P152D and A157D. The Rex A157D mutant did not have any alteration in the Tax amino acid sequence, whereas the Rex P152D mutant resulted in a single amino acid change in Tax (A132G). Using LTR-Luc and B-Luc reporter assays, we showed that the Tax A132G mutation resulted in a 50% reduction in CREB/ATF transactivation activity but induction of a The Rex-2 mutants generated were named based on the mutated amino acid and its position within the 170-amino-acid HTLV-2 Rex. For example, S151D indicates that the serine residue at amino acid 151 was substituted with aspartic acid.
b Tax transactivation activities toward CREB/ATF-and NF-B-responsive luciferase reporter genes were examined using the dual luciferase assay described in Materials and Methods. The data are based on three independent experiments and normalized to wt Rex-2 activity (set as 1.0).
nearly wt levels of NF-B activity ( Table 1 ). The Rex A157D mutant did not show altered Tax expression or function. One hypothesis consistent with our previous Rex-2 phosphorylation and functional data was that the C terminus of Rex-2, when nonphosphorylated, inhibits protein function but can be positively regulated or activated by phosphorylation (31, 32) . To test this hypothesis, we generated two Rex C-terminal deletion mutants, the Rex S151Term and S158Term mutants, in which the codon for serine 151 or serine 158, respectively, was mutated to a termination codon. These mutations maintained the Tax amino acid sequence and its transactivation function (Table 1).
Protein expression and functional activities of Rex-2 mutants. We initially evaluated protein expression of Rex-2 mutants in transfected 293T cells by Western blot analysis using rabbit polyclonal anti-Rex antisera. As expected, in the cells transfected with the wt Rex-2 expression construct, both p24 and phosphorylated p26 protein species were detected (Fig.  1A) . Consistent with our previous report, expression of the Rex S151D or S153D mutation resulted in the detection of only the phosphorylated p26 (31) (Fig. 1A) . Rex mutants that contained a phosphomimetic or charged residue within this region, P152D and A157D, also exhibited a single phosphorylated p26 species. The two C-terminal Rex deletion mutants, the Rex S151Term and S158Term mutants, displayed a single protein form consistent with their predicted gel mobility (Fig.  1A) . However, it was notable that the amount of steady-state protein for the two termination mutants was lower than that for the wt Rex-2 or aspartic acid point mutants (Fig. 1A) .
We next tested the Rex-2 mutants for their abilities to function in our quantitative reporter bioassay in which HIV-1 p24 Gag production was measured and used as a read-out of Rex functional activity (31) . The Rex P152D, A157D, and S158Term mutants were significantly more active than wt Rex-2 at the lowest Rex-expression plasmid concentration tested. This difference was gradually minimized and disappeared at higher concentrations, which was likely due to a plateau effect (outside the linear range of the assay). These results were consistent with our hypothesis that the Rex-2 C terminus inhibits its own function and that this inhibition can be removed either through deletion of the C-terminal sequence or via introduction of a phosphomimetic amino acid (negative charge) within the C terminus. In contrast, the activity of the Rex S151Term mutant was approximately 25 to 40% that of the wt over the range of Rex expression plasmid concentrations tested (0.02 to 0.5 g), suggesting that the Cterminal sequence from amino acid 151 to amino acid 157, which includes serines 151 and 153, was required for optimal Rex function.
It is also worthy to note that Rex functional activity of the Rex S158Term mutant is higher than that of wt Rex-2, despite its lower steady-state level of Rex protein, which suggests that the C terminus inhibits Rex-2 activity. This inhibitory effect of the Rex C terminus can act either in cis through induction of conformational change or in trans through competition of cellular factors inhibitory to Rex-2 function. To distinguish between these two possibilities, we performed a simple experiment in which a GFP-Rex C-terminal fusion construct (GFPRex151-170 or GFP-Rex154-170) was cotransfected into 293T cells with either wt Rex-2 or the Rex S158Term mutant. We did not observe any significant inhibition of Rex-2 function (data not shown), consistent with our hypothesis that the Rex-2 C terminus negatively regulates Rex-2 through a conformational change or spatial effect.
Subcellular localization of Rex-2 carboxy-terminal mutants. Previous studies indicated that the phosphorylated form of Rex-2, p26, is found primarily in the nucleus and nucleolus, whereas the p24 inactive form displayed diffuse cytoplasmic and nuclear localization, indicating that the proper subcellular localization of Rex-2 correlated with its function (4, 14, 19) . We determined the subcellular localization of the newly generated Rex-2 mutants in transiently transfected HeLa-Tat cells using Rex-EGFP fusion proteins. EGFP alone displayed bright, diffuse staining throughout the cytoplasm as well as in the nucleus. In contrast, all of the Rex-EGFP fusion proteins tested, including S151Term-EGFP, exhibited predominant nuclear localization with some weak cytoplasmic staining. This result indicated that the capacity of Rex-2 to localize to the nucleus was not significantly affected by the C-terminal mutations ( Fig. 2A) . We confirmed the relatively equal stable protein expression of these Rex-EGFP fusion proteins by Western blot analysis using either anti-Rex or anti-EGFP specific antisera. Furthermore, their functional activities were comparable to those of their untagged protein forms (compare Fig. 1B and It is important to note that the addition of the GFP tag at the carboxy terminus of S151Term and S158Term stabilized these deletion mutants in comparison to their untagged counterparts. We attribute this to the location and possibly the size of the tag since FLAG-tagged S158Term at the amino terminus resulted in a protein stability similar to that of the untagged protein (Fig. 3C ). Phosphorylation at Ser151 and/or Ser153 enhances Rex-2 functional activity. Our results demonstrated that only S151Term and not the other three C-terminal mutants, including the Rex P152D, A157D, and S158Term mutants, exhibit significantly impaired activity as detected by reporter assay. One important difference between these mutants was that serines 151 and 153 were deleted and not available to be phosphorylated in the Rex S151Term mutant. In order to determine whether it was the loss of phosphorylation at serines 151 and 153 that contributed to the impaired functional activity of the S151Term mutant, we introduced serine 151 and 153 alanine encoding mutations in combination with P152D, A157D, and S158Term; mutants were termed P152D-2A, S157D-2A, and S158Term-2A, respectively. The functional activities of these Rex mutants were examined by quantitative reporter assay (Fig. 3A) . Consistent with our previous report (31) , the functional activity of the Rex S151 and 153A mutants was approximately 30% that of wt Rex-2 (Fig. 3A) . Similarly, the functional activities of the Rex P152D-2A, A157D-2A, and S158Term-2A mutants were about 70% lower than those of their parental mutants, suggesting that phosphorylation at serine 151 and/or 153 was required for a fully functional Rex-2 (Fig. 3A) . We next compared the expression profile and steady-state levels of Rex from the parental mutants with the serine 151 and 153 alanine mutants. Introduction of the addi- tional S151/153A mutations into Rex P152D, A157D, and S158Term mutants did not alter the mobility of the Rex proteins on SDS-PAGE (Fig. 3B) . As noted above, we detected increased Rex protein expression of phosphomimetic point mutants but decreased protein expression of the C-terminal deletion mutants. Interestingly, additional mutation of the phospho-acceptor serine residues 151 and 153 by alanine substitution appeared to significantly decrease the steady-state amounts of all Rex mutants. To eliminate the possibility that the decreased steady-state levels of protein seen by using Western blot analysis was not a reflection of altered epitopes and recognition by the anti-Rex-2 antisera, we generated FLAGtagged Rex constructs and examined Rex protein expression using anti-FLAG M2. Consistently, Rex steady-state protein levels detected in the A157D-2A and S158Term-2A mutants were significantly lower than in the A157D and S158Term mutants, respectively (Fig. 3C) . To determine the half-life of the wt and Rex-2 mutant proteins, we performed pulse-chase experiments. As shown in Fig. 3D , the half-life of the functionally active wt p26 was approximately 12 h and more stable than the inactive p24 species (half-life is approximately 9 h). In mutant S151, S153A, the half-life of both p26 and p24 is approximately 12 h. Thus, mutation of these two serine residues to alanine alone does not result in an unstable p26 or p24 protein species. Indeed, the slight increase in the S151, S153A p24 species is consistent with the overall steady-state increase of p24 relative to p26 and the idea that phosphorylation at one or both of these sites on p24 contributes to the conformational shift to p26. For mutants S151Term and S158Term, deletion of the C-terminal sequence not only decreased Rex steady-state level, but also substantially decreased Rex half-life to approximately 2 h. Together, these results indicated that in addition to its role in regulation of Rex-2 functional activity, the C terminus and phosphorylation status of Rex-2 played an important role in protein stability and optimal expression of steady-state protein levels. Establishment and characterization of stable virus producer cell lines. Next, we generated mutant HTLV-2 proviral Error bars indicate standard deviations. (B) Rex-2 proteins expressed from transiently transfected 293T cells were detected by Western blot analysis using anti-Rex-2 specific antisera. wt p24 and p26 are indicated, and the arrow identifies the truncated Rex. Detection of cellular ␤-actin was used as a loading control. (C) The altered expression levels of Rex-2 mutants are not attributable to the detection sensitivity of our anti-Rex-2 antisera. Flag-tagged Rex protein expression (the FLAG-wt Rex, FLAG-RexA157D, FLAG-RexA157D-2A, FLAG-RexS158 Term, and FLAG-RexS158Term-2A mutants) was detected from transiently transfected 293T cells using anti-FLAG monoclonal antibody M2. wt p24 and p26 are indicated, and the arrow identifies the truncated Rex. (D) The half-lives of wt Rex, S151/S153A, S151D, A157D, S158Term, and S151Term mutants were determined by pulse-chase experiments as described in Materials and Methods. Quantification of protein at different time points using the Typhoon imaging system was utilized to determine the protein half-life. ␣, anti.
VOL. 83, 2009
Rex-2 CARBOXY-TERMINAL REGULATORY DOMAIN 5237
on October 16, 2017 by guest http://jvi.asm.org/ clones including HTLV-2/RexA157D and HTLV-2/RexS158 Term (termed H2A157D and H2S158Term, respectively) to assess how viral replication would be affected by the unique phenotypes of these Rex mutants. Both H2A157D and H2S158Term are competent for viral protein production as determined by p19 Gag ELISA in transiently transfected 293T cells. Consistent with the more functionally active phenotype displayed by these Rex mutants, both show increased levels of p19 production relative to that of the wt (data not shown). In order to determine the capacity of H2A157D and H2S 158Term proviral clones to replicate and induce cellular immortalization/transformation in primary human T cells, permanent 729 B-cell transfectants expressing the two mutant viruses were isolated and characterized. For each of the stable transfectants, the expected mutations were confirmed by diagnostic genomic DNA PCR analysis and DNA sequencing (data not shown). To monitor the production of viral proteins in these stable transfectants, the concentration of p19 Gag in the culture supernatant of several cell clones was quantified by ELISA. As shown in Fig. 4A , the amount of p19 Gag expression from each stable cell clone tested was variable. This is likely attributable to the chromosomal location of integrated proviral sequences and the overall proviral copy number in each cellular clone. All stable cell clones expressing the Rex mutant viruses produced slightly more p19 Gag compared to our well-characterized HTLV-2 producer cell line, 729pH6neo. This result is also consistent with proviral clone transfection data and the more functionally active phenotype displayed by these Rex mutants. We confirmed the expression of Rex and Tax by Western blot analysis in the cell lines selected for subsequent coculture assays (Fig.  4B) . We consistently observed slightly lower Tax expression in the two mutant producer cell lines relative to that in the wt, which again correlates with a more functional Rex and redistribution of viral mRNA (greater gag/pol and env mRNA at the expense of tax/rex). Functionally more active Rex promoted HTLV-2 infectivity and virus-induced cellular proliferation. We performed shortterm microtiter proliferation assays and long-term immortalization assays to assess the capacity of the Rex-2 mutant viruses to infect and immortalize human PBMCs (17, 35, 50) . These coculture assays use freshly isolated PBMCs and cell-associated virus transmission designed to mimic the in vivo infection. The in vitro long-term coculture immortalization assays were carried out initially in 24-well plates in order to monitor the immortalization process and the characteristic expansion of infected PBMCs. After 7 weeks of being cocultured, infected PBMCs were transferred to 25-cm 2 flasks to expand. The growth curve shown in Fig. 5A indicated that both Rex H2A157D and H2S158Term mutants induce progressive growth patterns consistent with wt HTLV-2 immortalization. Viral protein production from the infected PBMCs was quantified by Gag p19 ELISA. As shown in Fig. 5B , PBMCs infected with HTLV-2 Rex mutants continuously produced more p19 Gag than those infected with wt HTLV-2, indicating more robust viral replication and virion production due to the more active Rex. As previously reported, the immortalized PBMCs were shown to harbor and express HTLV-2 as determined by immunofluorescence for p19 (50) , and the genetic mutations were confirmed by PCR amplification of rex-specific sequences from genomic DNA, followed by DNA sequencing (data not shown). These results indicated that although cells infected with Rex H2A157D and H2S158Term mutant viruses produce more virions, this phenotype did not translate into a significant increase in immortalization of PBMCs. It is important to note that HTLV long-term immortalization of T lymphocytes is relatively inefficient, involves a selection for growth of a rare number of infected cell clones, and is not quantitative.
In an effort to obtain a more quantitative measure of the abilities of these viruses to infect and immortalize PBMCs, 10 4 PBMCs were cultured with 100 virus-producing cells in 96-well plates. At weekly intervals, individual wells were assayed for proliferation as measured microscopically by increased cell number or by MTS assay. In addition, the cells in individual wells were split weekly at a ratio of 1:4. Therefore, slowly growing or nondividing cells are eliminated very quickly, and the percentage of surviving wells is an accurate measure of the immortalization efficiency of viruses. The Kaplan-Meier plot of HTLV-2-induced T-cell proliferation demonstrated that the percentage of wells containing proliferating lymphocytes in coculture with HTLV-2 mutants with the more active Rex was substantially higher than those in coculture with wt HTLV-2 Three independently isolated 729 stable producer cell clones for the Rex H2A157D and H2S158Term mutants were isolated as described in Materials and Methods. Cells (5 ϫ 10 6 ) were plated in each well of six-well plates, and p19 Gag production was measured in 48-h culture supernatants by ELISA. The 729wtHTLV-2 cell line was used as the positive control. (B) Viral protein expression, including Rex and Tax, and ␤-actin as a loading control were detected by Western blot analysis for selective stable producer cell lines (black bars in panel A) to be used in coculture analysis. wt p24 and p26 are indicated, and the arrow identifies the truncated Rex. ␣, anti.
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( Fig. 5C) . Furthermore, flow cytometry analysis revealed that the percentages of HTLV-2 Rex mutant-infected T cells were significantly higher than those of wt HTLV-2-infected T cells at 2 days postplating (Fig. 5D ). These data indicate that maintenance of Rex-2 in the active state can enhance infectivity and increase proliferation of HTLV-2-infected cells. HTLV-2 mutants with more active Rex persisted in the inoculated rabbit model. In order to evaluate the role of Rex functional regulation in HTLV-2 infection and replication in vivo, we inoculated rabbits with 729wtHTLV-2, 729H2A157D, 729H2S158Term, or 729 control cells. Rabbits were inoculated with lethally irradiated cell lines, and rabbit blood was sampled at 0, 1, 2, 4, 6, and 8 weeks postinoculation. Serum antibody titers to viral antigens increased over the course of the study in the majority of the rabbits (Fig. 6) . Statistical analysis confirmed a significantly higher antibody response to HTLV-2 antigens in the two groups of Rex HTLV-2 mutant-infected rabbits than in the wt HTLV-2-infected group at 8 weeks postinoculation. In addition, proviral loads were examined by amplification of specific HTLV-2 genomic fragments from rabbit PBMCs. We detected proviral signals in all inoculated rabbits, which was consistent with the seroconversion data. However, quantitative real-time TaqMan PCR analysis over time revealed that proviral loads in rabbits infected with either Rex-2 mutant virus were not significantly different from the proviral loads of rabbits inoculated with wt HTLV-2 (Table 2) . Interestingly, the enhanced antibody responses in Rex mutant virus-infected rabbits did not attenuate viral infection (repre- 
DISCUSSION
The goal of this study was to better understand the functional role of the carboxy-terminal Rex-2 phosphorylation domain and to address whether the ability to regulate Rex function is important for HTLV-2-mediated cellular proliferation and immortalization in vitro and virus survival in a rabbit model of infection. We have shown that introducing a phosphomimetic amino acid (negative charge) into the Rex-2 C terminus or deletion of certain C-terminal sequences could maintain Rex-2 in a highly functional state. Interestingly, we also found that the C terminus played an important role in Rex-2 protein stability and/or protein expression. Thus, our data provided evidence that the Rex-2 C terminus contains a functional inhibitory domain that also is regulated by the phosphorylation status. Cells harboring HTLV-2 mutants with more active Rex showed enhanced infection in vitro and increased virion production. Furthermore, these mutants promoted HTLV-2-induced proliferation of human primary T cells and displayed increased replication in inoculated rabbits as measured by significantly stronger antibody responses compared to those in wt HTLV-2-infected animals. However, proviral load levels over time and the abilities of the mutant viruses to persist were similar to those in wt HTLV-2-inoculated rabbits. Thus, although HTLV requires Rex to efficiently replicate and persist in inoculated rabbits, the ability to modulate Rex function does not significantly alter the in vivo course of infection, including the proviral load set point and the establishment of persistence.
We have shown that deletion of the C terminus destabilizes the Rex-2 protein by significantly decreasing its half-life. In addition, we observed that substitution of negatively charged amino acids (aspartic acid) within the Rex-2 carboxy terminus increased steady-state protein levels and functional activity, whereas specific mutation or substitution of serines 151 and 153 with alanine resulted in decreased protein steady-state levels and impaired Rex-2 function. Presented in Fig. 7 is a model consistent with our Rex-2 biochemical and functional data and the published literature. The initial translation product of Rex-2, p24, is located primarily in the cytoplasm. We propose that phosphorylation of this inactive p24 at an unidentified serine(s) removes the inhibitory effect of the C terminus and results in a conformational change, giving rise to an active p26 intermediate that can translocate to the nucleus and interact with target RNA. This intermediate is likely unstable and a potential substrate for dephosphorylation (return to the p24 conformation) or subsequent phosphorylation at serine 151 and/or 153, resulting in a more stable p26 conformation (Fig. 7A) . Substitution of serine 151 and serine 153 with phos- FIG. 6 . Assessment of HTLV-2 infection in inoculated rabbits. Antibody responses against HTLV-2 from each rabbit were measured by an anti-HTLV-2 ELISA, using both HTLV-2 Gag and envelope proteins as antigens. Each dot represents the absorbance value of a single inoculated rabbit at 0, 1, 2, 4, 6, and 8 weeks postinoculation within each group. The inocula as indicated below include 729wtHTLV-2 (n ϭ 6), 729H2A157D (n ϭ 6), 729H2S158Term (n ϭ 6), or 729 (n ϭ 2). The horizontal line represents the average of the rabbit group at each weekly time point. Statistical analysis (ANOVA followed by Tukey's posttest) of titers at 4 and 8 weeks after inoculation revealed significantly higher antibody responses to HTLV-2 antigens in the 729H2A157D-inoculated (P Ͻ 0.01) and 729H2S158Term-inoculated (P Ͻ 0.05) rabbits (denoted by an asterisk) than in the wt control group. Week 6 displayed borderline significance (P ϭ 0.058). OD(450nm), optical density at 450 nm. a Genomic DNA isolated from rabbit PBMCs was subjected to PCR and to real-time TaqMan PCR analyses (0, 2, 4, 8, and 11 weeks) using HTLV-2-specific primers (670/671). Ϫ, no amplified PCR fragment; ϩ, amplified PCR fragment. As determined by ANOVA, copy numbers in rabbits inoculated with the mutant proviruses were not significantly different from those of the wt. P values for weeks 2, 4, 8, and 11 are 0.216, 0.517, 0.498, and 0.443, respectively. phomimetic aspartic acid residues (S151D, S153D) disrupts the C-terminal inhibitory domain and results only in the detection of a stable (phosphatase-resistant) and highly active p26 (Fig. 7B) (31) . Substitution of negatively charged aspartic acid for other residues in the C terminus of Rex-2 (P152D or A157D) can override the initial phosphorylation at an unidentified serine(s), remove the inhibitory effect of the C terminus, and quickly drive the equilibrium forward. As a result of this open conformation, serines 151 and/or 153 are likely more easily accessible and quickly phosphorylated, resulting in the detection of only the stable and active p26 (Fig. 7C) . In S158Term, the inhibitory C-terminal domain is removed by the deletion of sequences downstream of serine 158, and as a result of this open conformation, serines 151 and/or 153 are quickly phosphorylated, generating a single stable active protein (Fig.  7D) . Similarly, although the Rex S151Term mutant is active in a single detectable protein conformation, its functional activity is significantly attenuated, likely due to the loss of the phosphoacceptor serines located at positions 151 and 153 (Fig. 7E) . This is consistent with the phenotype of combination mutants containing additional serine 151 and 153 alanine substitutions (P152D-2A, A157D-2A, and S158Term-2A), which display reduced stability and functional activities. Studies currently ongoing in our laboratory to identify other key phosphorylation sites and their respective cellular kinases may further facilitate our understanding of the functional regulation of Rex-2.
The question arises as to whether this C-terminal regulatory domain is unique to Rex-2 or if it is also contained in the highly related Rex-1. Rex-1 is a 189-amino-acid protein, and although Rex-1 and Rex-2 have the capacity to functionally substitute for each other (27, 52) , the carboxy termini of the two related proteins at the amino acid level are quite divergent (31, 32) . In cells, Rex-1 is detected as a single phosphoprotein species of 27 kDa, and one study using the H7 kinase inhibitor suggested that phosphorylation is important for its function (1, 2). Our initial studies revealed that two Rex-1 deletion mutants (P180Term and L170Term) have reduced steady-state protein levels compared to those of wt Rex-1, yet their functions remain similar (Fig. 8A and B) . Moreover, deletion of part of the C terminus reduces the half-life of Rex-1 from 12 h to approximately 7 h (Fig. 8C) . Thus, this phenotype is nearly identical to that of Rex-2 S158Term, suggesting that Rex-1 also contains a carboxy-terminal inhibitory/stability domain. Additional studies will be required to understand what, if any, role phosphorylation plays in the regulation of this domain.
In the context of the provirus, the functionally more active Rex-2 mutants, A157D and S158Term, led to increased production of p19 Gag as measured in the culture supernatant, ultimately increasing HTLV-2 infectious spread and HTLV-2-mediated cellular proliferation as determined in our shortterm quantitative assays. Both HTLV-2 Rex mutants can successfully infect and persist in inoculated rabbits. Consistent with increased expression of structural proteins in vitro, rabbits inoculated with Rex-2 A157D and S158Term mutants exhibited significantly higher antibody responses to viral antigens than wt HTLV-2-infected rabbits. The common expectation is that a higher antibody titer will more efficiently limit viral replication, leading to lower proviral loads and ultimately the elimination of viral infection. However, we did not observe any significant difference in proviral loads between the wt and Rex-2 mutants. Our Western blot analysis indicated that the increased antibody response was directed primarily against the viral Env and Gag. Although antibody response is a strong indicator of viral replication, there is no evidence that these antibodies are neutralizing or significantly control the infection. Previous studies provided strong evidence that an efficient cytotoxic T-lymphocyte response is the major host immune surveillance against HTLV-1-infected cells and possibly pathogenesis (6) . Tax protein has been identified as the dominant The Rex S151 and 153D mutant disrupts the equilibrium between inactive p24 rex and active p26 rex because the aspartic acids (solid diamonds) are not subjected to dephosphorylation. (C) In Rex P152D and A157D mutants, introduction of a phosphomimetic aspartic acid (solid diamond) into the carboxy terminus functionally overrides the initial phosphorylation on an unidentified serine(s), removes the inhibitory effect of the carboxy terminus, and results in an unstable p26 rex active form. Rex-2 is locked in the p26 rex form because the aspartic amino acid is not subjected to dephosphorylation. (D) Deletion of the sequence downstream of Ser158 permanently removes the inhibitory carboxy terminus and interrupts the equilibrium between the p24 rex inactive form and the p26 rex active form. The p26 rex intermediate can be stabilized by phosphorylation on serine 151 and/or 153, whereas Rex expressed from the S151Term mutant (E) is conformationally unstable because serines 151 and 153 are deleted.
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on October 16, 2017 by guest http://jvi.asm.org/ target of HTLV-1-specific cytotoxic T lymphocytes (24, 26) , which is expressed from double-spliced viral mRNA and minimally affected by alterations in Rex functional activity (28) . More importantly, various studies have suggested that host genetic polymorphisms play a critical role in determining the efficacy of an individual immune response to HTLV-1 or HTLV-2 (25, 46) . Consistently, we detected highly variant serological responses in inoculated rabbits, irrespective of the inoculum. Overall, our studies characterized the C terminus of Rex-2 and emphasized its important role in regulation of Rex-2 protein function and expression and in HTLV-2 replication and infectious spread, along with viral induction of cellular proliferation. This finding also provides some important information regarding HTLV-2 replication in the rabbit animal model and its cross-talk with the host immune system.
